Abstract
INTRODUCTION
The invasion by Australian Acacia species is a major problem worldwide Richardson and Rejmánek 2011) . Invasive acacias are able to transform ecosystems leading to a loss of biodiversity, altered ecosystem functioning and reduced ecosystem services (Le Maitre et al. 2011; Lorenzo and Rodríguez-Echeverría 2015; Richardson and Rejmánek 2011) . Among this group, Acacia dealbata Link is considered as the third worst invader worldwide (Lorenzo and Rodríguez-Echeverría 2015; Richardson and Rejmánek 2011) . The spread of A. dealbata is favored by environmental disturbances such as movements of soil and fire (Hernández et al. 2014; Lorenzo et al. 2010a; Vazquez-de-la-cueva 2014) , but recent works have shown that A. dealbata can also colonize undisturbed ecosystems (Hernández et al. 2014; FuentesRamírez et al. 2011) . Both irradiance and soil properties can affect A. dealbata establishment, which is favored in sunny places (González-Muñoz et al. 2011; Lorenzo et al. 2010a) and by its own soil community (Lorenzo and Rodríguez-Echeverría 2012; Rodríguez-Echeverría et al. 2013) , being commonly associated with exotic-nitrogen-fixing bacteria in invaded soils (Rodríguez-Echeverría et al. 2011) .
The invasion by A. dealbata induces important changes both biotic and abiotic compartments of invaded ecosystems, which are well documented in North-West Spain Hernández et al. 2014; Lorenzo et al. 2012a) , Portugal (Lorenzo et al. 2013; Rodríguez-Echeverría et al. 2013) , Italy (Lazzaro et al. 2014) , South Africa (de Neergaard et al. 2005; Richardson and Rejmánek 2011) and Chile (Fuentes-Ramirez et al. 2010) . Acacia dealbata forms dense monospecific stands reducing light in the understory (Lorenzo 2010) and available soil moisture (de Neergaard et al. 2005; Le Maitre et al. 2011) . The invasive process also results in soil acidification, increases in nutrient content, mainly N, NH 4 + , NO 3 − , C, P, (González-Muñoz et al.
2012
; Lazzaro et al. 2014; Lorenzo et al. 2010c; Lorenzo and Rodríguez-Echeverría 2012) , changes in soil microbial communities and enzymatic activities (Lazzaro et al. 2014; Lorenzo et al. 2010c; Lorenzo et al. 2013; Rodríguez-Echeverría et al. 2011; Rodríguez-Echeverría et al. 2012; Souza-Alonso et al. 2014; Souza-Alonso et al. 2015) and the inhibition of soil decomposers (Castro-Díez et al. 2012) leading to a reduction of native plant cover and diversity under its understory (Fuentes-Ramirez et al. 2010; González-Muñoz et al. 2012; Lazzaro et al. 2014; Lorenzo et al. 2012a) . In addition, phytotoxins naturally released by this invader may affect physiological parameters and seedling growth of surrounding plants (Aguilera et al. 2015a; Lorenzo et al. 2008; Lorenzo et al. 2010b; Lorenzo et al. 2011; Lorenzo et al. 2012b ) and functional diversity of soil microbes (Lorenzo et al. 2013) . In spite of the extensive work conducted on the invasion of A. dealbata, to our knowledge, field experiments combining the effect of different modifications induced by A. dealbata on plant establishment and growth are lacking. Therefore, we designed a field experiment in order to test for the combined effect of reduced light at understory level, high-nutrient soil content and allelochemicals released into the soil, in the establishment and growth of native species and A. dealbata itself. The experiment was conducted under the canopy of either native Pinus pinaster Aiton or exotic A. dealbata. We hypothesize that (i) the establishment of native species will be severely impaired in the treatment combining the three tested modifications induced by A. dealbata, i.e. microhabitat, soil and allelopathy, and (ii) by the contrary, A. dealbata will be successful in all scenarios and have a better performance in its own soil. The data provided by this study can be useful to design appropriate management strategies to aid the establishment of native species during the restoration of invaded places.
MATERIALS AND METHODS

Study area
The experiment was conducted in a Mediterranean-mixed forest in North-West Iberian Peninsula (Ourense, Galicia) (42°20′03.1″N; 08°08′11.3″W, according to World Geodetic System ETRS89/UTM zone 29N: EPSG: 25829) . This region is characterized by a Mediterranean sub-humid climate with Atlantic trend, with mean annual temperature values range from 6.7 to 18.0°C (Carballeira et al. 1983) , and a granite bedrock (Taboada 1992 ) with soils generally classified as umbrisols (IUSS Working Group WRB 2006) . The native forest is dominated by P. pinaster with scattered Quercus robur L. and an understory of Cistaceae and Leguminosae shrubs, ferns and herbs. This forest is currently invaded by A. dealbata that forms dense patches without understory vegetation. Three plots 50 m apart from each other containing native flora and invasive-adjacent vegetation were selected for conducting the field experiment. We use a Hansatech light meter (QRT1, UK) to characterize light at understory level in the studied plots. Light was sampled in five random points in each P. pinaster and A. dealbata patches at harvesting time.
Seed collection
Seeds of P. pinaster, A. dealbata, Cytisus striatus (Hill) Rothm. and Trifolium angustifolium L. were collected from natural populations close to the field site during the fruit seasons in 2012 and 2013. Seeds were storage at room temperature in the dark until the experimental set-up.
Soil collection and soil analyses
Five soil samples of the top-soil layer (0.25 m 2 and 20 cm deep)
were randomly collected in each native vegetation (hereafter Pine soil) and invaded A. dealbata patches (hereafter Acacia soil) of each selected plot in October 2013. Soil samples from each origin were pooled together and sieved through a 2 mm mesh. Half of each soil type was mixed with activated carbon in situ (AC, DARCO® Sigma-Aldrich) at a volume of 20 ml of AC per liter of soil (Inderjit and Callaway 2003) . We used AC to reduce the presence of putative allelopathic compounds because AC is expected to adsorb organic molecules released by allelopathic plants into the soil and has weak effects on soil nutrients (Callaway and Aschehoug 2000; Inderjit and Callaway 2003; Jarchow and Cook 2009) . Two-hundred grams of each soil type were transported to the laboratory and air-dried to analyze for pH, total carbon and nitrogen, phosphorous and potassium following standard protocols as described in (Lorenzo et al. 2010c) .
Experimental set up
A full factorial experimental design with three factors (microhabitat, soil type and allelopathy) was set up to test the effect of two microhabitats (native Pine understory, invasive Acacia understory), two soil types (Pine soil, Acacia soil) and two allelopathy treatments (with AC = no allelopathy, without AC = allelopathy). Immediately after soil collection in October 2013, 250 ml pots were filled with soil corresponding to each treatment (Pine soil with AC, Pine soil without AC, Acacia soil with AC or Acacia soil without AC) and placed either under native or invasive plants in three different plots in the field site. Each pot received seeds of one plant species, five seeds were sown for A. dealbata, C. striatus, T. angustifolium), and three seeds for P. pinaster. The number of seeds per species within a pot was selected according to seed size to avoid potential interferences during germination and growth. Treatments were replicated ten times, so that we had a total of 960 pots (10 replicates × 3 plots × 2 soil types × 2 allelopathy treatments × 2 microhabitats × 4 species). Pots were protected from big herbivores by exclusion fences. After 8 months, the number of established plants was recorded in each pot. Plants were harvested and total biomass (shoot and root) was determined after drying at 60°C until constant weight.
Data analysis
We used a Zero-altered Poisson (ZAP) model with link function = logit for each plant species to test for the effects of microhabitat, soil type and allelopathy on the number of plants established after 8 months. We used this model because it does not differentiate between true and false zeros since our data were unlikely to include false zeros. The number of established plants under the invasive Acacia understory was very low for all species. Therefore, total biomass was assessed only for plants established in the native microhabitat (under pine trees) using Linear Mixed Models (LMM) via restricted maximum likelihood (REML). Soil type (Pine and Acacia), allelopathy (with AC or without AC) and their interaction were used as fixed factors and plot as random factor. Total plant biomass of each species was analyzed assuming a Gaussian error distribution with identity link function. The effect of soil type and allelopathy on soil properties was also tested using LMM via REML with plot as random factor. We analyzed soil properties assuming a Gaussian error distribution with identity link function. Additionally, we carried out a Principal Component Analysis (PCA) in order to determinate the major patterns of variation within soil properties.
A LMM via REML was also used to test for the effect of microhabitat (fixed factor) on light intensity at understory level. Plot was considered as random factor. Data were analyzed assuming a Gaussian error distribution with identity link function. The LMMs were performed with the GLIMMIX procedure of SAS (SAS Statistical package 9.2). When the interaction between soil type and allelopathy was significant in the LMMs analyses, differences between least-squares means were tested pairwise using the DIFF option in the LSMEANS statement of the GLIMMIX. The PCA and ZAP models were conducted using the 'ggbiplot' and 'pscl' packages respectively in R (R Development Core Team 2015). The level of significance was set at P ≤ 0.05 for all of the analyses.
RESULTS
Light conditions
Significant differences between native and invaded patches were found for light values at understory level (F 1,82 = 68.11, P < 0.0001). Light under the canopy of P. pinaster was 24.5-fold higher than under A. dealbata.
Plant establishment
Microhabitat had a significant effect on the establishment of the four studied plant species and soil type was also significant for the establishment of A. dealbata and T. angustifolium (Table 1 ). The native microhabitat (under pine trees) was beneficial for the establishment of all plant species (Fig. 1A) and A. dealbata and T. angustifolium also had a higher establishment success in the Pine soil (Fig. 1B) . Allelopathy did not affect plant establishment for any of the studied species (Table 1) .
Total biomass of established plants in the native microhabitat (under pine trees)
Soil type had a significant effect on total biomass of C. striatus, which was significantly higher in the Pine soil than in Acacia soil (Table 2, Fig. 2A) . A significant effect of soil type, allelopathy and the interaction between these two factors was found for the total biomass of T. angustifolium plants (Table 2 ). Plant biomass of T. angustifolium was significantly higher in Pine soils with AC (Fig. 2B) . No significant differences between treatments were found for the total biomass of P. pinaster and A. dealbata (Table 2, Fig. 2C and D). 
Soil nutrients
Soil type and allelopathy significantly affected soil pH, but there was no interaction between these two factors (Table 3) . Soil pH was significantly higher in Pine compared to Acacia soils and in soils treated with AC (Table 4) . Total nitrogen and phosphorous were significantly affected by soil type, allelopathy and the interaction between these two factors ( Table 3 ). The content of nitrogen and phosphorous were significantly higher in soils collected under Acacia than in Pine soils (Table 4) . In Acacia soils, AC increased the content of these two nutrients (Table 4) . Soil type and the interaction between this factor and allelopathy had a significant effect on the total carbon content (Table 3) . Acacia soils showed significantly higher content of carbon than Pine soils (Table 4 ). The content of carbon was significantly increased by AC in Acacia soils (Table 4) . Neither soil type nor allelopathy or their interaction affected potassium content (Tables 3 and 4 ). The first (PC1) and second (PC2) axes of the PCA explained the 90% of the variation of the chemical properties of soil samples (Fig. 3) . Although the coefficients were not robust, PC1 was positively correlated with total nitrogen and carbon and phosphorous contents (0.491, 0.482 and 0.492 respectively) and negatively correlated with pH (−0.403). PC2 was strongly and negatively correlated with the potassium content (−0.926). Pine soil samples were clearly separated from Acacia samples along the first axis of PCA (Fig. 3) . Soil samples collected in Acacia stands were mainly related to the content of nitrogen, carbon and phosphorous while Pine soils were associated to the highest pH values (Fig. 3) . Within each soil type, AC did not clearly separate soil samples although there was a higher overlap of soil with and without AC in the Acacia soil (Fig. 3) . Values in bold indicate significance at P ≤ 0.05 according to type III test carried out on the GLIMMIX procedure. n ≤ 9. Abbreviations: df den = denominator degrees of freedom, df num = numerator degrees of freedom.
DISCUSSION
Our study showed that the establishment of both native and invasive species was mainly affected by microhabitat, with seedlings from all species being more successful under the canopy of native Pine forests. Soil type was also a significant factor affecting the establishment of A. dealbata and T. angustifolium seedlings. Surprisingly, allelopathy by A. dealbata had a negligible effect on the establishment and biomass of any of the studied species. The results obtained do not totally support our hypotheses that the performance of native species is severely affected by the environmental modifications induced by A. dealbata and the invasive species is successful in all conditions. The low establishment inside Acacia plots may be related to the lower irradiance under its canopy compared to native plant communities (Lorenzo 2010) , and suggest that the modification of the microhabitat is the main responsible factor affecting native seedling establishment. The failure in recruitment of A. dealbata under its own canopy agrees with previous studies indicating a preference of this species for sunny places (González-Muñoz et al. 2011) . On the other hand, the successful establishment of this invasive species under the canopy of native species together with its ability to outcompete P. pinaster in pine soils may promote the invasion process in pine forests . Our results showing that the establishment of A. dealbata is better in its own soil independently of the microenvironment corroborates previous studies showing that the modifications of invaded soils promote invasion by A. dealbata (Inderjit and van der Putten 2010; Lorenzo and Rodríguez-Echeverría 2015) . This can be attributed either to changes in soil nutrient content or modifications of the soil microbiota (Lorenzo and Rodríguez-Echeverría 2012; Rodríguez-Echeverría et al. 2013) , including the introduction of effective compatible Values in bold indicate significance at P ≤ 0.05 according to type III test carried out on the GLIMMIX procedure. n = 3. Abbreviations: df den = denominator degrees of freedom, df num = numerator degrees of freedom.
exotic nitrogen-fixing bacteria (Rodríguez-Echeverría 2010; Rodríguez-Echeverría et al. 2011; Rodríguez-Echeverría et al. 2012) . On the other hand, soil modifications occurring during the invasion process of Australian acacias were invoked to hinder the normal performance of species adapted to previous soil conditions (Lorenzo and Rodríguez-Echeverría 2015; Marchante et al. 2008a; Marchante et al. 2008b) . However, our results show that the higher content of nutrients and lower pH found in invaded soils do not impede the establishment or growth of native species, suggesting a potential recolonization of invaded soils by native species after removing the invader. AC is expected to retain allelochemicals released by invasive plants without strong influence on soil nutrients (Callaway and Aschehoug 2000; Inderjit and Callaway 2003; Jarchow and Cook 2009) . However, other studies have demonstrated that AC may favor plant growth by altering soil nutrients and, hence, confounding allelopathic effects (Lau et al. 2008; Weißhuhn and Prati 2009) . Here, we found that AC increased the content of nutrients in Acacia soils and pH in both Acacia and Pine soils. Nevertheless, the addition of AC did not lead to a significant improvement in the establishment and total biomass of the species tested, indicating that AC seems to be valid for testing allelopathy under field conditions, at least for the studied species.
Our results contrast with the idea that allelochemical compounds released by A. dealbata affect physiological processes such as root and stem growths, net photosynthetic rate and respiration rate of model, agricultural and native species, and, hence, favoring its own invasive process (Aguilera et al. 2015a (Aguilera et al. , 2015b Lorenzo et al. 2008; Lorenzo et al. 2010b; Lorenzo et al. 2011; Lorenzo et al. 2012b) . A more realistic study combining natural leachates and field soil has shown an allelopathic effect of A. dealbata chemicals in soil microbes (Lorenzo et al. 2013) . However, although most of these studies used natural or close-to-natural concentrations of chemical compounds released by A. dealbata, all of them were conducted under controlled conditions in the laboratory or greenhouse. The minimal effect of allelopathy found in the present study does not imply the lack of allellopathic compounds but suggests degradation or transformation of the released-toxic chemicals by soil microbes under field conditions (Inderjit et al. 2011; Inderjit and van der Putten 2010; Zhu et al. 2011) . We conclude that allelopathy plays a minor role on the establishment of native species in the tested ecosystem.
In summary, the experiment presented here allowed us to evaluate under field conditions the combined effect of modifications induced by A. dealbata on the establishment of new seedlings. Our results showed that the main factor affecting the establishment of both native and invasive species was the shaded microhabitat under dense populations of A. dealbata. The establishment of A. dealbata was promoted in soils previously modified by this exotic species, probably due to increased soil nutrient content and the establishment of positive plant-soil feedbacks which favors the performance of the invasive species. Conversely, soil modifications by A. dealbata did not negatively affect the establishment and growth of native species, which would facilitate natural restoration of pine invaded soils by native species if the invader was eradicated. Finally, contrary to previous reports, we found a negligible effect of A. dealbata allelopathy under natural conditions, suggesting a secondary role of allelochemicals released by this species during the invasion of European forests. 
